The efficient functionalization of large quantities of carbon nanotubes entangled in a non-woven fashion into bucky-papers has been demonstrated through exposure to hard X-rays generated by a synchrotron source. The X-ray beam solely functionalized the carbon nanotube outer walls and an optimum X-ray exposure energy between 1048 and 2096 J cm -2 has been found to achieve maximum hydroxyl group density. Sol-gel reaction between a commercial fluoro-silane and the hydroxyl-modified carbon nanotubes was successfully performed resulting in an even distribution of fluoride atoms on the carbon nanotube surface, opening the way for the mass production of functionalized carbon nanotubes.
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The scope of potential applications for carbon nanotubes (CNTs) has dramatically expanded over the past 20 years opening highly promising opportunities in materials science. CNTs have demonstrated proof of concept application in biotechnology sensing separations, energy production and as composites with enhanced mechanical properties. However, the lack of solubility and the difficult manipulation in solvents and functionalization on large scale represent crucial barriers to the translation of CNT research into commercial products [1, 2] .
The functionalization of CNTs has been demonstrated to improve the surface affinity and/or chemical reactivity; several studies have demonstrated the importance of such an approach [1] . Although the functionalization of CNTs with hydroxyl or carboxylic groups can be obtained in gaseous phase using plasma, gamma ray or ozone, the functionalization of large amounts of CNTs with more complex and reactive chemicals is typically achieved by chemical reaction in solution. Plasma and ozone treatment have been demonstrated to damage the CNTs and may induce wall collapse [3] . These physical functionalization methods can affect the original electrical or thermal conductive properties of the CNTs. In addition, the penetration depth of these plasma and ozone irradiation techniques is limited to the top 20-50 nm of the exposed surface due either to the thickness of the plasmon or to the reactivity of ozone corresponding to a penetration thickness of a few CNTs only [4] .
Multiple treatments or exposure to severe conditions are therefore required to produce functionalized CNTs with high surface functionalization densities using these methods [5] . On the other hand, functionalization in solution often initially involves harsh treatments in strong acids while a number of steps are typically required to induce reactive pre-cursor groups prior to further chemical grafting or substitution [6] . Furthermore, a general issue in CNT handling resides in the preparation of homogeneous and concentrated suspensions of CNTs which is problematic due to the natural tendency for CNTs to agglomerate. Routes to suspend and disperse CNTs have been previously demonstrated to damage the CNT crystalline walls. Given the technological demand of materials with specific functional properties, the controlled functionalization of the CNT side walls is a fundamental step to promote CNTs for the preparation of new composites or the fabrication of novel devices.
Here we propose, for the first time, the use of hard X-rays for the large scale functionalization of CNTs. We used preformed self-supporting CNT structures, where the CNTs are individually entangled in a non-woven fashion, called bucky-paper (BP). BPs were exposed to "white" hard X-ray beams (photon energy range at 3-20 keV and a peak at 8 keV) allowing a single step functionalization of the entire 20 mg CNT disks (47 mm diameter and 50 µm thickness).This fast technique takes advantage of the high penetration depth of such high-energy radiation and was used to induce the formation of hydroxyl groups [7] on the CNT outer walls without significantly changing the wall crystallinity (TEM images in Figure 1Figure and subsequent functionalization can be easily carried out. For instance, in this work, we grafted a commercial fluoro-silane (FAS-13) widely used for the preparation of hydrophobic surfaces [8] . FAS-13 easily reacts with superficial hydroxyl groups through a mechanism typical of sol-gel precursors [9] . After functionalization, the In conclusion, we have presented a novel and efficient way to functionalize
CNTs with hydroxyl precursor groups with minimal damage to the CNT crystallinity.
This one-step process allows for subsequent functionalization using the hydroxyl group for molecular grafting. This is the first report of the ability of hard X-rays to functionalize CNTs. Notably, medium value X-ray doses are sufficient to reach maximum hydroxyl groups surface density and this treatment is shown to be able functionalize through a thickness of 50 µm. The limitation of the proposed approach is the need of a synchrotron facility, however emerging research in the field is investigating laboratory hard X-ray sources [7] . Further studies are needed to investigate the penetration depth of hard X-rays with various CNT structures, such as forests, bucky-papers or yarns, in order to optimize the functionalization efficiency
process. An interesting perspective is the possibility to localize specific functional groups in precise areas of the membrane taking full advantage of the deep X-ray lithographic technique [7] . 
